Genome-wide studies reveal that transcription by RNA polymerase II (Pol II) is dynamically regulated. To obtain a comprehensive view of a single transcription cycle, we switched on transcription of five long human genes (>100 kbp) with tumor necrosis factor-␣ (TNF␣) and monitored (using microarrays, RNA fluorescence in situ hybridization, and chromatin immunoprecipitation) the appearance of nascent RNA, changes in binding of Pol II and two insulators (the cohesin subunit RAD21 and the CCCTC-binding factor CTCF), and modifications of histone H3. Activation triggers a wave of transcription that sweeps along the genes at Ϸ3.1 kbp/min; splicing occurs cotranscriptionally, a major checkpoint acts several kilobases downstream of the transcription start site to regulate polymerase transit, and Pol II tends to stall at cohesin/CTCF binding sites.
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endothelial cell ͉ polymerase II ͉ RNA ͉ tumor necrosis factor alpha T ranscription by RNA polymerase II (Pol II) is at the core of gene expression and hence is the basis of all cellular activities. To generate a mature messenger RNA (mRNA), Pol II traverses a transcription cycle; this involves recruitment to an activated promoter, initiation, escape into the gene, elongation, and termination (1) . Processing of the nascent transcript-which can include capping, splicing, and poly (A) addition-is coupled to polymerization, and the C-terminal domain (CTD) of the polymerase acts as a scaffold for the binding of many of the factors involved (2-4).
Genome-wide analyses using chromatin immunoprecipitation followed by microarray analysis (ChIP-chip) or deep sequencing (ChIP-seq) provide powerful means of mapping comprehensively and at high resolution where proteins bind to the DNA template. Such studies have revealed widespread pausing and abortion by engaged Pol II (5-10). Pol II dynamics have also been studied using fluorescence imaging (11) (12) (13) (14) (15) , but it remains difficult to observe both the rapid recycling of Pol II (14) and the unstable nascent transcripts.
To overcome these problems, we focus on the temporal profile of the first cycle of transcription after switching on transcription. As Pol II transcribes at more than 3 kbp per min (12), we analyzed five genes longer than 100 kbp that could be rapidly and synchronously activated by tumor necrosis factor-␣ (TNF␣), a potent cytokine that orchestrates the inflammatory response by sequentially activating the expression of more than 6,000 genes in cultured human umbilical vein cells (HUVECs) (16, 17) . To avoid problems caused by variations in sequence-specific signal in the arrays used (18) and to increase sensitivity, we developed analytical algorithms for temporal profiling that handled each probe sequence separately. Our repeated comprehensive observations reveal a wave of transcription sweeping along the genes; a major checkpoint regulates polymerase transit Ϸ1-10 kbp into the genes, and polymerases tend to stall further downstream at sites where the RAD21 subunit of cohesin and CCCTC-binding factor (CTCF) bind (19, 20) .
Results
A Wave of premRNA Synthesis That Sweeps Down Activated Genes. At different times after stimulation with TNF␣, total nuclear RNA was purified and hybridized to a tiling microarray bearing oligonucleotides complementary to SAMD4A, a long gene of 221 kbp; signals were normalized using an algorithm (see SI Materials and Methods). In Fig. 1 , the height of the red and yellow needles reflects the intensity of signal of each probe that is given by premRNA binding to intronic and exonic probes, respectively. An alternative way of presenting these results and a control with antisense probe are illustrated in Fig. S1 . A wave of intronic signal (red) appears to sweep down the gene from ''Start'' (at 15 min) to ''End'' (at 75-90 min). Exonic signal (yellow) increases significantly above the basal level only after Ϸ75 min, when the polymerase has terminated. Similar waves are seen with other long genes, including ZFPM2 (486 kbp; Fig. S2 ).
Abortive Transcription. Polymerases make many abortive transcripts of a few tens of nucleotides before forming stable elongation complexes (6, (8) (9) (10) . However, probes covering the first thousands of nucleotides from the transcription start site (TSS) yield signal between 15 and 180 min (Fig. 1 , green rectangle), and polymerases seem to escape downstream only for a limited interval (i.e., 15-30 min) to initiate the first wave. A similar pattern is seen with all long genes studied (Fig. S2) . This points to a checkpoint that regulates escape, but here the checkpoint seems to act on a second polymerase once it has sensed that there is already the first on the gene (even though it might be Ͼ100 kbp downstream). This is a major checkpoint, as signal given by probes in the first three 1,000-nucleotide windows in intron 1 of ZFPM2 is more than two times higher than that in downstream windows ( Fig. 2A) .
Cotranscriptional Splicing and Intron Degradation. Figure 1 shows the wave reaches the middle of the second intron 60-75 min after stimulation; then, there is little signal in intron 1 (except close to the promoter, within the green rectangle). This is consistent with co-transcriptional splicing and degradation of RNA in the first intron while the polymerase is still transcribing the second. Quantitative analysis confirms this; summing signals given by all probes in 1,000-nucleotide windows between 15 and 180 min gives a ''saw-tooth'' pattern ( Fig. 2 A) with little signal at 3Ј ends of introns. Suppose that a constant number of Pol II molecules elongate at constant speed (without aborting) and that co-transcriptional splicing occurs at each intron-exon boundary; then the slopes of the blue regression lines in Fig. 2 A should be constant, as they are (for further discussion, see Fig. S3 ). The initial part of the first exon is deliberately excluded from this analysis, as the changing levels at the checkpoint distort the picture (Fig. S3 ). These calculations support the idea that once a polymerase passes through the checkpoint, it usually then reaches the terminus (12) . Similar patterns are seen with the other genes (Fig. S3) .
Velocity of the Wave. We calculated the average speed of the wave as follows. In Fig. 2B , a blue dot for each probe indicates the first time when its expression reaches 50% of the maximum (and so marks the wave front); a red dot marks the average position of all blue dots at one time. The slope of the linear regression line drawn through the red dots and then reflects the velocity of the front. We estimate that the waves travel at 3.3, 3.2, 2.9, and 3.2 kb/min down ZFPM2, EXT1, SAMD4A, and ALCAM, respectively (Fig. S4B) , giving an average of 3.1 kb/min. This is faster than 1.7-2.5 kb/min on human DMD (24), but slower than the 4.3 kb/min seen on an artificial array of Ϸ3-kbp human genes (12) . As many regulatory genes activated by TNF␣ have long and conserved introns (e.g., ZFPM2, SAMD4A, NFKB1), the time spent transcribing these introns must profoundly affect temporal control by the TNF␣/NFkB network (16, 17) ; long introns, which are conserved among many vertebrates, allow polymerases to convert space into time.
Transcription Wave Detected by RNA Fluorescence in Situ Hybridization. Because tiling arrays provide information on average RNA levels in Ϸ10 6 cells, cell-to-cell variation was monitored by fluorescence in situ hybridization (RNA FISH) (21, 22) , using oligonucleotide probes able to detect a single transcript (23) ; intronic regions giving the strongest signals in tiling arrays were selected for analysis (SI Materials and Methods, Table S1 ). Probe 1a contains five 50-mers and carries Ϸ22 fluors; it is complementary to Ϸ600 bp in intron 1 of SAMD4A (Fig. 3A) . Immediately after stimulation, it yields essentially no signal (Table S2) . By 30 min, half of the cells possessed one or two, but never more than two, discrete nuclear foci (Fig. 3B, Table S2 ), which we assume mark a nascent transcript at one (or both) alleles. Later, the total number of foci in the population declined, but the intensity and size remained constant ( Fig. 3D ; Table S2 ). Probe 1b directed against a more 3Ј region of the same intron revealed an analogous wave that peaked later (at 60 min), and one against intron 7 later still (Fig. 3D , Table S2 ). Total signal in the population mimics the changes seen in arrays (Fig. 3D) . In contrast, antisense probes (against regions 1a, 1b, 7) yield essentially no signal, and a probe targeting an intron in EDN1 gave an unchanging signal (microarrays showed EDN1 expression was unaffected by stimulation). These results show that at least half the cells in the population respond.
We confirmed that introns were removed co-transcriptionally by double labeling using probes 1a (green) and 7 (red). Although some cells possess foci of one or another (or both) colors (Fig.  3C) , no foci contain both red and green signal and so appear yellow (Table S3 ). This suggests intron 1 must be removed before intron 7 is made. These results confirmed that in individual cells, a wave of transcription runs along activated genes, and that splicing occurs co-transcriptionally.
Stalling/Slowing of Pol II at Cohesin-Binding Sites. The binding of Pol II was examined by ChIP-chip using antibodies against phosphoserine 5 in the heptad repeats in the CTD of the largest catalytic subunit (Rpb1); phospho-serine 5 is associated with transcriptional initiation and elongation (4, 24) . Little Pol II was bound to SAMD4A (Fig. 4A, Fig. S5A) or EXT1 (Fig. S5B) before stimulation (at 0 min), although some (presumably ''paused'') Pol II was detected near the TSS (indicated by the single asterisk in Fig. 4A ). After 30 min, Pol II was bound to the 5Ј half of the gene, and after 60 min it was bound more to 3Ј (although there was still some binding near the TSS; double asterisks in Fig. 4A ). These results confirm those obtained using arrays and FISH.
As some Pol II was bound near the TSS, we investigated the distribution of various other markers, namely, two histone modifications (H3K4me3 and H3K36me3), and two insulator proteins (the cohesin subunit RAD21 and CTCF) (Fig. 4 A,  Fig. S5 A and B) . The distribution of bound Pol II overlaps that of H3K4me3, a marker for active chromatin (Fig. 4 A, Fig.  S5A), as previously described (8, 9) . RAD21 and CTCF were often, but not invariably, bound to the same sites at the same time (Fig. 4 A) , again as seen previously (19, 20) . Closer inspection (Fig. 4B, Fig. S5 C-G) shows that RAD21 and CTCF often bind near the boundaries of regions rich in Pol II and H3K4me3. It was previously reported that histone H3K4 and H3K36 tri-methylation are associated with the elongating polymerase (25), but we could not see the correlation (Fig. 4A, Fig. S5 A and  B) . At 60 min (i.e., after the wave had passed), the amount of paused Pol II increased near the TSS, the boundaries of which were again marked by RAD21/CTCF binding (Fig. S5 A and B) .
We next examined the averaged distribution of Pol II around 35 RAD21/CTCF binding sites distant from the TSS (Fig. 4C) ; sites were selected as described in Fig. S6 . At 0 time, little Pol II (red line) was found at the sites (gray and purple lines). However, after 30 and 60 min, Pol II (green and blue lines) accumulated upstream, while being excluded from 200-400 bp around the sites. By definition, all 35 sites bound both CTCF and RAD21, and Pol II accumulated on the 5Ј side of 33 of the 35 sites. This suggests bound RAD21/CTCF stalls/slows the polymerase (25) . To confirm this, we performed ChIP-chip after ''knockingdown'' RAD21 levels by 80% using siRNA; less Pol II (Fig. 4D , black line) was now bound near RAD21/CTCF sites, compared to the control (Fig. 4D, blue line) . We conclude that Pol II tends to stall at bound RAD21/CTCF.
Discussion
Here we use TNF␣ to switch on transcription of five human genes rapidly and synchronously. As the genes are all longer than 100 kbp, and as samples are collected every 7.5 min for 3 h, there is ample time to monitor one complete transcription cycle. We use tiling microarrays and RNA FISH to follow the appearance of nascent RNA, and ChIP-chip to monitor changes in binding of Pol II and two insulator proteins (the cohesin subunit, RAD21, and CTCF), as well as two histone modifications (H3K4me3, H3K36me3). High-resolution data collection followed by statistical analysis in living human cells revealed precise mode that TNF␣ induces a wave of nascent RNA and Pol II to sweep along the genes from promoter to terminus (Figs. 1, 2 , and 4A); these results are consistent with the polymerase initiating soon after stimulation, and transcribing Ϸ3.1 kbp/min (Fig. S4) . Once RNA in a 3Ј intron is seen, RNA in more 5Ј introns has disappeared; for example, RNA FISH revealed that RNA from intron 7 is never found with its counterpart from intron 1 (Fig.  3C) . Moreover, once RNA at the 3Ј end of a long intron appears, more 5Ј sequences in the same intron have disappeared (Figs. 1  and 2 A) . Here, splicing and degradation of intronic RNA occur co-transcriptionally, with degradation of intronic RNA beginning even before the polymerase reaches the next exon, and well before it terminates. These results contrast with a genome-wide analysis that indicates that premRNA splicing in yeast is predominantly posttranscriptional (26) ; but the results are consistent with observations pointing to a functional coupling between transcription and splicing (27, 28) .
It is easy to imagine how a brief pulse of initiation soon after stimulation would trigger the wave. However, polymerases continue to initiate throughout the period analyzed, with intronic signal falling significantly 1-10 kbp into the gene (e.g., after the green rectangle in Fig. 1 ). This could be because polymerases speed up, or, more likely, abort. Because polymerases continue to initiate throughout the period analyzed, the checkpoint must operate to allow only the first ones to pass through while forcing later ones to abort, as only then can the widening trough between the peak of newly-initiated transcripts at the TSS and the advancing wave be generated. This checkpoint is much further into the gene than another major one acting only a few tens of nucleotides from the TSS (5, 6, (8) (9) (10) . It seems able to sense whether another (pioneering) polymerase is already transcribing the gene, and we can only speculate on how it might do so.
Although the wave apparently progresses steadily down the gene, detailed analysis shows the polymerase tends to stall or slow at sites where RAD21, a subunit of cohesin, binds (Fig. 4A,  Fig. S5 A and B) . RAD21 often bound to the same sites as CTCF (Fig. 4A, arrowhead) ; and, as CTCF physically links cohesin to chromatin (29) , these complexes could act as steric barriers to the elongating polymerase. This notion was supported by statistical analysis of 35 sites; Pol II tended to accumulate just upstream of these sites (Fig. 4C) , and ''knocking down'' RAD21 abolishes this accumulation (Fig. 4D) . Although the effects at these sites are clearly more subtle than those occurring at the major checkpoint within 1 to 10 kbp of the TSS, this finding provides evidence that elongation of Pol II can be regulated by an epigenetic modification.
In conclusion, we obtained a comprehensive view of a complete transcription cycle on several long human genes. One challenge now is to see whether the rich levels of regulation that we observe in these long genes are also found in genes of more average length.
Materials and Methods
Cell Culture. Before stimulation, HUVECs were serum starved in EBM-2 (Clonetics) containing 0.5% fetal bovine serum (FBS) for 18 h, treated Ϯ 10 ng/ml TNF␣, and harvested at various times thereafter (17) .
Tiling Microarrays. We designed tiling microarrays (NimbleGen) covering ZFPM2, EXT1, SAMD4A, ALCAM, NFKB1, and EDN1. Probes (25 nucleotides) were selected so that the median of probes locate with 12 base interval, and designed to minimize cross hybridization with duplicated and repeated sequences in the human genome (SI Materials and Methods) (5, 30) . Total RNA was purified using ISOGEN (NipponGene, Japan) and hybridized to microarrays (SI Materials and Methods).
RNA FISH. Transcripts were detected using RNA FISH (SI Materials and Methods).
Probe 1a consists of five 50-mers with Ϸ22 fluors (Table S1 ) and is complementary to Ϸ600 nucleotides in the middle of intron 1 of SAMD4A (Fig. 3A) ; a probe of this type is able to detect a single transcript (21) . Sense signals were detected by probes the position and sequence of which are given in Fig. 1 A, Fig. 3A , and Table  S1 . The antisense probes (against regions 1a, 1b, 7) yielded essentially no signal, and a probe targeting an intron in EDN1 gave an unchanging signal (microarrays showed that EDN1 expression was unaffected by stimulation).
ChIP-Chip. Detailed experimental procedures for ChIP followed by analysis using microarrays, and for the analysis of Pol II stalling at cohesion/CTCF sites are described in SI Materials and Methods. The stalling profiles of Pol II at RAD21 binding sites are given in Fig. 4 and Fig. S6 .
